Summary. Histological changes in cultured neonatal skeletal muscle tissue at the early stage of cartilage induction by syngeneic insoluble bone matrix gelatin (BMG) containing bone morphogenetic protein were examined by light and electron microscopy. Minced skeletal muscle was cultured on hemicylindrical pieces of BMG for 14 days. Chondroblasts first appeared in the crevices of the BMG on Day 7 of the culture, and cartilage tissue was seen to fill the crevices completely by Day 10. The main findings in this work are as follows: 1) the activation of satellite cells and necrosis of myonuclei; 2) the migration of satellite cells from the basement membrane; 3) fibroblasts with increased numbers of organelles between degenerated muscle fibers closely resembling the migratory satellite cells; 4) the migration of the spindle-shaped cells into the crevices of the BMG; and 5) change of the spindle-shaped cells to chondroblasts.
These findings suggest that neonatal skeletal muscles, which appear more mature than embryonic muscles, also have a chondrogenetic potential when grown on BMG, and that chondroblasts originate from the spindleshaped cells which are thought to result from migratory satellite cells as well as fibroblasts.
It has been established that intramuscular implantation of demineralized bone matrix induces heterotopic osteogenesis, and this osteoinductive factor was named the bone morphogenetic protein (BMG) (URIST, 1965) . Since then, there have been many studies on bone induction in vivo (URIST et al., 1973 (URIST et al., , 1984 AMITANI and NAKATA, 1975; REDDI and ANDERSON, 1976; NILSEN, 1977 NILSEN, , 1980 SAMPATH et al., 1987; WOZNEY et al., 1988; BENTZ et al., 1989; WANG et al., 1990; OKAMOTO et al., 1991) , and in vitro (MOGAMI and URIST, 1974; NATHANSON et al., 1978; URIST et al., 1978; NATHANSON and HAY, 1980; LANDESMAN and REDDI, 1986; NATHANSON, 1986; SOMERMAN et al., 1987; KAWAMURA and URIST, 1988; VUKICEVIC et al., 1989 VUKICEVIC et al., , 1990 KUKITA et al., 1990) , and on the extraction of BMP from both the bone matrices (URIST et al., 1984; SAMPATH et al., 1987; WOZNEY et al., 1988; BENTZ et al., 1989; LUYTEN et al., 1989; WANG et al., 1990) and osteosarcomas (TAKAOKA et al., 1981) . Recently, WOZNEY and his co-workers (1988) have reported on three osteoinductive polypeptides and their amino acid sequences deduced from their cDNA clones. There are, however, only three reports on the transdifferentiation of muscle using BMP (NATHANSON et al., 1978; NATHANSON and HAY, 1980; NATHANSON, 1986) . These workers demonstrated that, in addition to embryonic mesenchymal cells, both myoblasts and fibroblasts have a chondrogenetic potential when cultured on insoluble bone matrix gelatin (BMG). Recently, OKAMOTO and co-workers (1991) reported that intramuscular implantation of BMG caused the conspicuous disappearance of the basement membrane of muscle fibers, and that its disappearance played an important role in the osteogenesis induced by the BMG.
In this study, we cultured neonatal skeletal muscle on BMG, and examined histological changes in the muscle tissue, especially those of the basement membrane and satellite cells in order to discuss the transdifferentiation of muscle satellite cells. The biceps femoris muscles and triceps surae muscles of neonatal (0 day) Sprague-Dawley strain rats were transferred to ice-cold Hanks' balanced salt solution. Adherent dermis, vascular and nervous tissue were removed and the muscle tissue was placed in an ice-cold culture medium, and sectioned.
The hemicylindrical BMG were transversely cut halfway through at 1 mm intervals, and the minced muscle (15 mg) was placed on it. These explants were placed on a stainless steel wire grid in the center of a 35 mm culture dish.
The culture medium consisted of 90% a-MEM (Flow Laboratory) and 10% fetal calf serum, supplemented with 0.2% sodium bicarbonate and 60 beg/ml Kanamycin sulfate. Cultures were maintained at 37C under 5% CO2 in air. Half the explant was exposed to the atmosphere and three-quarters of the culture medium was renewed every two days.
Muscle tissues in situ and explants on Days 1, 3, 5, 7, 10 and 14 of the culture were fixed in 10% formalin in neutral phosphate buffered saline, dehydrated in an ethanol series and embedded in Technovit 7100 (Kulzer & Co. GmbH, Friedrichsdorf, FRG) . The blocks were sectioned at 5 urn thickness and stained with hernatoxylin and eosin, and toluidine blue. For electron microscopy, the specimens were fixed in 2.5% glutaraldehyde in 0.1 M PBS (pH 7.4) at 4C for 1 h and postfixed in 1% OS04 (Nacalai Tesque, Kyoto, Japan) in 0.1% PBS (pH 7.4) at 4C for 1h. They were then dehydrated, embedded in Epon 812 (TAAB Laboratories, Berkshire, England) and sectioned with an ultramicrotome. Sections of 1 um thickness were stained with toluidine blue and examined by light microscopy. Ultrathin sections were stained with both uranyl acetate and lead citrate and examined in an electron microscope (H-800, Hitachi Ltd., Tokyo, Japan).
RESULTS
The neonatal rat skeletal muscles used in the experiments consisted of clusters of slender muscle fibers and a broad, apparently empty perimysium containing a few cells with poorly developed cytoplasm, nerves and immature vessels. The muscle fibers had pale round nuclei with prominent nucleoli in their periphery.
Their cytoplasm contained immature myofibrils which did not fill the cytoplasm, together with mitochondria and free ribosomes among the myofibrils. Beside the muscle fibers, a few myotubes and satellite cells were also seen. These satellite cells had heterochromatic nuclei, few detectable cell organelles and little cytoplasm. The number of satellite cells was more than that of adults. The basement membrane was well-developed and appeared as a and a few dense bodies. These dense bodies were spherical (1 um in diameter) with homogeneous contents. Some of these satellite cells extended cytoplasmic processes from the tear in the basement membrane (Fig. 1) . Between the degenerated muscle fibers, spindle-shaped cells with pale nuclei were frequently seen, instead of the two types of fibroblasts with poorly developed cytoplasm observed in situ (Fig. 2) . Their cytoplasm contained Golgi vacuoles, free ribosomes, sparse long cisterns of rough endoplasmic reticulum and several dense bodies. These cells resembled the protruded satellite cells in the shape of their nuclei and in their cytoplasmic organelles. The basement membrane of vessels also became slackened and organelles increased in pericytes.
On Day 3 in the culture, muscle degeneratjon progressed and the division of spindle-shaped cells between them increased. These spindle-shaped cells were thinner than on Day 1. The myonuclei in the muscle fibers disappeared and macrophages were seen surrounding collapsed muscle fibers. Spindleshaped cells formed layers on the surface of the BMG, and reached back to themselves with cytoplasmic processes. Some of these cells were clustered at the entrances of crevices of the BMG; these cells were 25 ,um in length and 5pm in diameter. The eccentric elliptical or round nuclei were relatively pale and had prominent nucleoli. Their cytoplasm contained somewhat well-developed cisternae of the rough endoplasmic reticulum, Golgi vacuoles, and dense bodies (Fig. 3) . As the basement membrane of muscle fibers was folded and had partly disappeared, some muscle fibers were exposed without a basement membrane. Spindle-shaped cells also became scattered between the muscle fibers. The satellite cells could not be distinguished from the spindle-shaped cells.
On Day 5 in the culture, numerous macrophages appeared around the degenerating muscle fibers.
They had a partially collapsed dark nucleus, and many dense bodies and vacuoles. They extended many processes to the degenerating muscle fibers and phagocytized the remnants of fibers. The crevices contained many spindle-shaped cells with somewhat developed Golgi lamellae along the BMG (Fig. 4) . The nucleus/cytoplasm ratio was smaller than those in Figure 3 . There were also slightly round-shaped cells in the crevices (Fig. 5) . These cells contained welldeveloped rough endoplasmic reticulum, prominent Golgi apparatus, dense bodies, vacuoles and bundles of fine filaments in the cytoplasm (Fig. 5 inset) . Cell death and cell division were rarely observed in the explants. At the top of the explants, several layers of spindle-shaped cells were seen. These cells had large, pale, eccentric nuclei with prominent nucleoli and cytoplasm containing a well-developed rough endoplasmic reticulum, Golgi apparatus and filament bundles. On Day 7 in the culture, the number of collapsed muscles decreased, but macrophages were seen around them. Spindle-shaped cells at the top of the explants moved to the underside of the BMG. In two of three cases, a few oval-shaped chondroblasts similar to the spindle-shaped cells were seen at the bottom of the crevices (Figs. 6, 7) . The matrix around the chondroblasts stained metachromatically with toluidine blue. These chondroblasts were irregular in contour and had large pale nuclei with prominent basophilic nucleoli (Fig. 7) . Their cytoplasms contained welldeveloped rough endoplasmic reticulum, Golgi apparatus, free ribosomes, lysosomes and vacuoles ( Fig. 6  inset) ; many short processes were seen on their cell surface. The matrices near spindle-shaped cells in the crevices also stained weakly.
On Day 10 in the culture, the cartilage filled the crevices completely (Fig. 8) satellite cells changed to activated cells (Fig. 10) . Spindle-shaped cells with pale nuclei, as in the experimental group, were seen between degenerated fibers, instead of the two types of fibroblasts seen in situ. The basement membrane of vessels also became slackened and the numbers of organelles in the pericytes increased. Scarcely any cells penetrated into the crevices on Day 3 or 5. However, some cells in the crevices on Day 7 were spindle-shaped with relatively pale nuclei, as in the experimental group. No oval-shaped chondroblasts were observed throughout the culture period. On the contrary, myotubes with a few nuclei and spindle-shaped cells lay scattered around the muscle remnants on Day 5 (Fig. 11) .
The results are also indicated in Table 1 . NATHANSON and co-workers (1978, 1980, 1986) (KELLY and ZACK, 1969; ONTELL, 1977; ONTELL and KozEKA, 1984) . In addition, a few myotubes and many satellite cells are present in the basement membrane (CAMPION, 1984) . In this report, we observed the partial disappearance of the basement membrane around the muscle fibers on Day 1 of the culture (Fig. 1) . The disappearance of the basement membrane after implantation of BMG into skeletal muscle has been reported by OKAMOTO et al. (1991) . In the present report, the disappearance of the basement membrane in the experimental group seemed to be due not only to mincing the muscle before its culture but also to the activated satellite cells that migrated from the basement membrane.
Because most of the basement membrane remained intact in the minced tissue (SNOW, 1977a, b) (Fig.  1, 2) .
The number of spindle-shaped cells increased by Day 3; these cells migrated into the crevices of the BMG and differentiated in the experimental group. Little penetration of spindle-shaped cells into the crevices of the BMG was seen in the control group. These cells presumably migrated into the crevice as a result of the effect of BMP in the BMG (LANDESMAN and REDDI,1986) . Also, the spindle-shaped cells may represent one stage in phenotypic alteration (LOPASHOV, 1977; NATHANSON and HAY, 1980; NATHANSON, 1986) . Moreover, chondroblasts seemed to originate from the satellite cells judging from the following observations and reports: l) satellite cells have dense bodies like the spindle-shaped cells (Figs. 1, 2) ; 2) residual muscle fibers were seen near the crevices (Fig. 8); 3) satellite cells migrate from the basement membrane (LIPTON and SCHULTZ, 1979; MALTIN et al., 1983; MALTIN, 1986; HUGHES and BLAU, 1990; OKAMOTO et al., 1991) ; and 4) satellite cells proliferate by crushing (BISCHOFF, 1986b); 5) satellite cells are of myoblast origin (SNOW, 1977b; LIPTON and SCHULTZ, 1979; MALTIN et al., 1983; BISCHOFF, 1986a) . NATHANSON et al. (1978 NATHANSON et al. ( , 1980 NATHANSON et al. ( , 1986 reported that myoblasts and fibroblasts transdifferentiated into chondroblasts. Besides, cartilage was not able to form from the skeletal muscle of a 5-week-old rat (data not shown), and there was a report that the number and the proliferating potential of satellite cells fall with aging (SCHULTZ and LIPTON, 1982; CAMPION, 1984) . URIST et al. (1983) reported that the perivascular mesenchymal cells are the target of BMP. In this report, we observed several activated pericytes, although the vascular tissues were removed as much as possible. These cells might also be the origin of chondroblasts.
Dense bodies, presumably of lipid nature, were seen in almost all satellite cells and spindle-shaped cells soon after the beginning of the culture; these reduced by Day 3 (Figs. 1-3 ). These bodies thus seemed to have collected unnecessary organelles of the cells in the culture. Moreover, on Day 5, the cells in the crevices had dense bodies (Fig. 4) . We suggest that these dense bodies of the satellite cells may serve as the marker of their differentiation into chondroblastic cells. In this context, one must take into consideration that similar lipid droplets generally tend to occur in various cells with the days of culturing.
There was hardly any cell division or cell death observed in the crevices, with cell organelles developing (Figs. 4, 5) . Besides, cell process extended to the BMG on Day 7 (Fig. 6 ) and the crevices were filled with cartilage without any other cells on Day 10 (Fig. 8) . It is considered that the crevices are probably a suitable place for the accumulation of a cartilage matrix, may supply a low oxygen environment (NILSEN, 1977; URIST et al., 1983) and are proper for the preservation of some factor released from the BMG (NATHANSON and HAY, 1980) . These conditions may promote cartilage induction at the crevices.
In this report, we examined transdifferentiation using the BMG, paying especial attention to muscle satellite cells, the basement membrane and dense bodies. Under our conditions, appropriate cartilage formation was seen at an early stage of the culture. In this culture system, however, there were still several problems. That is, the BMG preparation in this experiment may contain other proteins besides BMP (SEYEDIN et al., 1985 (SEYEDIN et al., , 1986 , and the muscle explants several types of cells. These problems must be cleared in future experiments.
